Abstract ATM-Chk2 network is critical for genomic stability, and its deregulation may influence breast cancer pathogenesis. We investigated ATM and Chk2 protein levels in two cohorts [cohort 1 (n = 1650) and cohort 2 (n = 252)]. ATM and Chk2 mRNA expression was evaluated in the Molecular Taxonomy of Breast Cancer International Consortium cohort (n = 1950). Low nuclear ATM protein level was significantly associated with aggressive breast cancer including larger tumors, higher tumor grade, higher mitotic index, pleomorphism, tumor type, lymphovascular invasion, estrogen receptor (ER)−, PR −, AR−, triple-negative, and basal-like phenotypes (Ps b .05). Breast cancer 1, early onset negative, low XRCC1, low SMUG1, high FEN1, high MIB1, p53 mutants, low MDM2, low Bcl-2, low p21, low Bax, high CDK1, and low Chk2 were also more frequent in tumors with low nuclear ATM level (Ps b .05). Low ATM protein level was significantly associated with poor survival including in patients with ER-negative tumors who received adjuvant anthracycline or cyclophosphamide, methotrexate, and 5-fluorouracil-based adjuvant chemotherapy (Ps b .05). Low nuclear Chk2 protein was likely in ER−/PR −/AR −; HER-2 positive; breast cancer 1, early onset negative; low XRCC1; low SMUG1; low APE1; low polβ; low DNA-PKcs; low ATM; low Bcl-2; and low TOPO2A tumors (P b .05). In patients with ER + tumors who received endocrine therapy or ER-negative tumors who received chemotherapy, nuclear Chk2 levels did not significantly influence survival. In p53 mutant tumors, low ATM (P b .000001) or high Chk2 (P b .01) was associated with poor survival. When investigated together, low-ATM/high-Chk2 tumors have the worst survival (P = .0033). Our data suggest that ATM-Chk2 levels in sporadic breast cancer may have prognostic and predictive significance. Neoplasia (2014) 16, 982-991 
and in turn phosphorylation of a number of substrates such as p53, breast cancer 1, early onset (BRCA1), and others [5] [6] [7] [8] [9] . Proficient ATM-Chk2 signaling network is therefore essential for coordination of DNA repair, cell cycle progression, and apoptosis in response to DNA damage.
Accumulating evidence provides compelling evidence that germline mutations in ATM [10] [11] [12] [13] and Chk2 [14] may result in a predisposition to several tumors including hereditary breast cancers. In addition, in sporadic tumors, emerging data also suggest a role for ATM and Chk2 somatic mutations in cancer development [10] [11] [12] [13] [14] . However, whether such somatic mutations or deregulation of protein expression has clinicopathological, prognostic, and predictive significance in sporadic breast cancer has not been clearly defined. In the current study, we have comprehensively investigated ATM and Chk2 in large cohorts of early-stage breast cancers. The data presented here suggest that impaired ATM-Chk2 pathway may influence the development of aggressive phenotypes that are associated with poor clinical outcomes in patients.
Patients and Methods
The Reporting Recommendations for Tumour Marker Prognostic Studies criteria, recommended by McShane et al. [15] , were followed throughout this study. This work was approved by the Nottingham Research Ethics Committee.
Cohort 1
This is a consecutive series of 1650 patients with primary invasive breast carcinomas who were diagnosed between 1986 and 1999 and entered into the Nottingham Tenovus Primary Breast Carcinoma series. This is a well-characterized series of patients with long-term follow-up that have been investigated in a wide range of biomarker studies [16] [17] [18] [19] [20] [21] . Supplementary Table S1 summarizes patient demographics, and supplementary treatment data 1 summarizes the various adjuvant treatment regimens received by patients in this group.
Cohort 2
An independent series of 252 estrogen receptor (ER)-α-negative invasive breast cancers diagnosed and managed at the Nottingham University Hospitals between 1999 and 2007 was also evaluated for ATM and Chk2 expression. All patients were primarily treated with surgery, followed by radiotherapy and anthracycline chemotherapy. The characteristics of this cohort are summarized in Supplementary  Table S2 .
Tissue Microarray (TMA) and Immunohistochemistry
TMAs were constructed and immunohistochemically profiled for ATM, Chk2, and other biological antibodies. The optimization and specificity of the antibodies used in the current study have been described in previous publications [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] and listed in Supplementary Table S3 . A set of slides was incubated for 18 hours at 4°C with the primary mouse monoclonal anti-ATM antibody, clone Y170 (Ab32420, Abcam, Cambridge, UK), at a dilution of 1:100. A further set of slides was incubated for 60 minutes with the primary rabbit polyclonal anti-Chk2 antibody (Ab47433, Abcam, Cambridge, UK) at a dilution of 1:100. To evaluate the use of TMAs for immunophenotyping, full-face sections of 40 cases were stained and protein expression levels of ATM and Chk2 were compared. The concordance between TMAs and full-face sections was excellent (k = 0.8). Positive and negative (by omission of the primary antibody and IgG-matched serum) controls were included in each run. Whole field inspection of the core was scored, and intensities of nuclear staining were grouped as follows: 0 = no staining, 1 = weak staining, 2 = moderate staining, 3 = strong staining. The percentage of each category was estimated (0-100%). H-score (range 0-300) was calculated by multiplying intensity of staining and percentage staining. X-tile (version 3.6.1; Yale University, New Haven, CT) was used to identify a cutoff for ATM protein expression. The percentage of positive cells was used, with a cut off of b 25% cells being classed as low and ≥ 25% as high for nuclear ATM protein level. For Chk2 nuclear expression level, H-score cutoff was the median, and H-score of ≥ 100 was considered high for nuclear Chk2 expression. Not all cores within the TMA were suitable for immunohistochemistry analysis as some cores were missing or lacked tumor. Human epidermal growth factor receptor 2 (HER2) expression was assessed according to the new American Society of Clinical Oncology/The College of American Pathologists guidelines using chromogenic in situ hybridization [28] .
Statistical Analyses
Data analysis was performed using SPSS (SPSS, version 17, Chicago, IL). Where appropriate, Pearson's Chi-square, Fisher's exact, χ 2 for trend, Student's t and analyses of variance one-way tests were performed using SPSS software (SPSS, version 17, Chicago, IL). Cumulative survival probabilities were estimated using the KaplanMeier method. Differences between survival rates were tested for significance using the log-rank test. Multivariate analysis for survival was performed using the Cox hazard model. The proportional hazards assumption was tested using standard log-log plots. Each variable was assessed in univariate analysis as a continuous and categorical variable, and the two models were compared using an appropriate likelihood ratio test. Hazard ratios and 95% confidence intervals (95% CI) were estimated for each variable. All tests were two-sided with a 95% CI. P values for each test were adjusted with Benjamini and Hochberg multiple P value adjustment, and an adjusted P value of b .05 was considered significant.
Molecular Taxonomy of Breast Cancer International Consortium (METABRIC) Cohort for mRNA Expression
The mRNA expression was performed in the METABRIC cohort. The METABRIC study protocol, detailing the molecular profiling methodology in a cohort of 1980 breast cancer samples, is described by Curtis et al. [29] . Patient demographics are summarized in Supplementary Table S4 of supporting information. ER-positive and/ or lymph node-negative patients did not receive adjuvant chemotherapy. ER-negative and/or lymph node-positive patients received adjuvant chemotherapy. RNA was extracted from fresh frozen tumors and subjected to transcriptional profiling on the Illumina HT-12 v3 platform. The data were preprocessed and normalized as described previously [29] , and gene expression was investigated in this data set. X-tile (version 3.6.1; Yale University, New Haven, CT) was used to identify a cutoff in gene expression values to divide the population in to high/low subgroups before analysis. Cumulative survival probabilities were estimated using the Kaplan-Meier method.
Breast Cancer Clines, Tissue Culture, and Western Blot Analysis SilenciX cells were grown in Dulbecco's modified Eagle's medium (with L-glutamine 580 mg/l, 4500 mg/l D19 glucose, with 110 mg/l sodium pyruvate) supplemented with 10% fetal bovine serum, 1% penicillin/streptomycin, and 125 μg/ml Hygromycin B. Previously well-characterized CH lung fibroblast cells; V79 (ATM wild type), V-E5 (ATM deficient) were grown in Ham's F-10 media (PAA, UK) [supplemented with 10% fetal bovine serum (PAA,UK) and 1% penicillin/streptomycin]. Cell lysates were prepared. and Western blot analysis was performed. Primary antibodies were incubated overnight at room temperature [Chk2 1:250 dilution, ATM 1:1500 and β-actin 1:10,000 dilution (Abcam)]. Infrared dye-labeled secondary antibodies (Li-Cor) (IRDye 800CW Mouse Anti-Rabbit IgG and IRDye 680CW Rabbit Anti-Mouse IgG) were incubated at a dilution of 1:10,000 for 1 hour. Membranes were scanned with a Li-Cor Odyssey machine (700 and 800 nm) to determine protein expression. ATM or Chk2 expression was quantified after normalizing with β-actin.
Results
We initially profiled a panel of breast cancer cell lines for ATM and Chk2 protein expression. A wide spectrum of expression of ATM was evident across breast cancer cell lines ( Figure 1A ). MCF-7 has the lowest expression, whereas MDA-MB-436 has the highest ATM expression. MDA-MB-231, BT-549, and MDA-MB-468 exhibit reduced expression of ATM compared to MDA-MB-436. For Chk2 (Figure 1B 
ATM Levels and Breast Cancer
A total of 1183 tumors were suitable for ATM analysis. High nuclear ATM level was seen in 567/1183 (48%) tumors compared to 616/1183 (52%) tumors that had low nuclear ATM level ( Figure 1C ) (Table 1) . Low nuclear ATM level was associated with larger tumors (P = .027), higher tumor grade (P b .001), higher mitotic index (P b .001), pleomorphism (P b .001), tumor type (P b .001), and lymphovascular invasion (P = .001) ( Table 1) . Triple-negative (P b .001) and basal-like phenotype (P = .046) breast cancers were more commonly low nuclear ATM tumors. ER −, PR−, and AR − were also more common in low-nuclear ATM tumors (P b .001). BRCA1 negative, low XRCC1, low SMUG1, and low FEN1 were also more likely associated with low ATM level in tumors (P b .05). In addition, high MIB1, p53 mutants, low MDM2, Bcl-2 mutants, low p21, low Bax, high CDK1, and low Chk2 were likely in tumors with low nuclear ATM levels (P b .05). 
Low ATM level was associated with worse breast cancer-specific survival (BCSS) in patients (P b .0001) ( Figure 1D ). As ATM mediated activation and stabilization of p53 are essential for genomic stability and cell cycle response, we conducted exploratory analysis in p53 mutant and proficient tumors. p53 mutants with low ATM levels have the worst survival compared to p53 wild-type tumors with high ATM levels (P b .0001) (Figure 2A ). Tumors that are p53 mutants with high ATM levels and p53 wild type with low ATM levels have intermediate prognosis. We then investigated in ER + and ER − subgroups. ER + tumors were from cohort 1. For ER-negative tumors, we combined tumors from cohort 1 and cohort 2 for the subgroup analysis. In high-risk (NPI N 3.4) ER-negative tumors that received no adjuvant chemotherapy, low ATM was associated with poor survival (P = .041) (Supplementary Figure S2A) . In high-risk ER-negative tumors that received anthracycline ( Figure 3A) or cyclophosphamide, methotrexate, and 5-fluorouracil (CMF) adjuvant chemotherapy ( Figure 3B ), low ATM remains associated with poor survival (P = .030 and P = .021, respectively). In ER + tumors, ATM level did not significantly influence clinical outcomes ( Figure 2C and Supplementary Figure S2B) . At the mRNA level, low ATM was seen in 10% of tumors (202/1977) . Although there was a trend, low ATM expression was not significantly associated with poor BCSS in the whole cohort (P = .080, Figure 3D ) and in the ER − cohort that received chemotherapy (P = .065, Figure 3E ). Interestingly, low ATM expression was significantly associated with poor BCSS in the ER + cohort that received endocrine therapy (P = .020, Figure 3F ).
Chk2 Levels and Breast Cancer
A total of 1138 tumors were suitable for Chk2 analysis. High nuclear Chk2 level was seen in 640/1138 (56%) tumors compared to 498/1138 (44%) tumors that had low nuclear Chk2 level ( Figure 1C ) ( Table 2 ). Low nuclear Chk2 was likely in HER-2-overexpressing tumors. ER −/PR −/AR − tumors were also more likely in tumors with low nuclear Chk2 levels. BRCA1 negative, XRCC1 low, FEN1 low, SMUG1 low, APE1 low, polβ low, DNA-PKcs low, ATM low, Bcl-2 low, TOPO2A low, and MDM2 low tumors were more likely in tumors with low nuclear Chk2 levels (P b .05) ( Table 2 ). In the whole cohort, there was no significant association with BCSS ( Figure 1E ). However, when stratified based on p53 mutation status, p53 mutants with high nuclear Chk2 appear to have poor outcome compared to p53 mutants with low nuclear Chk2 levels (P = .004) ( Figure 2B ). We also performed subgroup analysis based on ER status in tumors. In ER − tumors that received no adjuvant chemotherapy, high nuclear Chk2 was associated with poor survival (P = .047) (Supplementary Figure S2C) . However, in ER + tumors that received no adjuvant endocrine therapy, low nuclear Chk2 was associated with poor survival (P = .014) (Supplementary Figure S2D) . In patients with ER + tumors who received endocrine therapy or ER-negative tumors who received chemotherapy, nuclear Chk2 levels did not significantly influence clinical outcome ( Figure 4A , B, and C). At the mRNA level, high Chk2 expression was significantly associated with poor BCSS in the whole cohort (P b .001, Figure 4D ) and in the ER + cohort that received endocrine therapy (P = .006, Figure 4F ). However, low Chk2 expression was significantly associated with poor BCSS in the ER − cohort that received chemotherapy (P = .020, Figure 4E ).
ATM-Chk2 Coexpression in Breast Cancer
As there was a strong positive association between ATM and Chk2 expression (see Table 1 and Table 2 ), we investigated if coexpression would influence survival. Patients with tumors that have low ATM and high Chk2 levels have the worst survival compared to tumors that have high ATM and high Chk2 levels (P = .033) ( Figure 2C ). The data suggest that ATM and Chk2 together have prognostic significance in patients. We then investigated in patients who received chemotherapy or endocrine therapy. As shown in Supplementary Figure S3 , although there was trend, ATM-Chk2 expression did not significantly influence survival in patients in the various subgroups.
Multivariate Analysis
To investigate whether ATM-Chk2 independently influenced survival, we proceeded to multivariate analysis. As shown in Table 3 , in multivariate Cox regression analysis including other validated prognostic factors (such as stage, histological grade, tumor size, p53, MIB1, and bcl-2), Chk2 expression was an independent predictor for BCSS. ATM-Chk2 coexpression showed a trend and reached near significance (P = .056).
Taken together, the data provide evidence that ATM and Chk2 expression has prognostic and predictive significance in breast cancer.
Discussion
This is the largest study to investigate the clinicopathological significance of ATM-Chk2 expression in sporadic breast cancers. A low level of ATM was associated with aggressive phenotypes including high grade, high mitotic index, pleomorphisms, dedifferentiation, and triple-negative and basal-like phenotypes. The association between ER negativity and low ATM in human tumors concurs with the breast cancer cell line data where ATM was found to be low in several triple-negative cell lines including MDA-MB-231, BT-549, and MDA-MB-468 cells. ATM is a key player in the maintenance of genomic integrity [1] [2] [3] [4] . Loss of ATM and the resulting genomic instability may promote a mutator phenotype which is characterized by accelerated accumulation of mutations that ultimately drive an aggressive cancerous phenotype. Herein we demonstrate that, at the protein level, low ATM expression was associated with high grade, high mitotic index, de-differentiation, and pleomorphism. The hypothesis that low ATM is associated with genomic instability is further supported by the observation that low ATM was significantly associated with low expression of other DNA repair factors including BRCA1, XRCC1, FEN1, and SMUG1. Moreover, as low ATM tumors were also more likely to be p53 mutants, we speculate that this could contribute to additional genomic instability in tumors. In addition, not only was low ATM level significantly associated with mutant p53 status, but low-ATM/ p53 mutants also have the worst survival compared to p53 wild-type/ high-ATM tumors. The data suggest that ATM/p53-based stratification could be useful for personalization of therapy. A previous small study in 93 breast cancers suggested that tumors with normal ATM and wild-type p53 have good prognosis, whereas tumors with low ATM and wild-type p53 have poor survival [30] . The authors described only four tumors that had both low ATM and aberrant p53, and this was associated with good survival in that study [30] . In contrast, in our study, 231 tumors were p53 mutants with low ATM, and such tumors exhibited poor survival. Interestingly, in patients who received either anthracycline-based or CMF adjuvant chemotherapy, low ATM level was associated with poor survival, implying that ATM may also predict response to chemotherapy. The data appear to be counterintuitive in that several preclinical studies have suggested that ATM-deficient cells are sensitive to cytotoxic chemotherapy and radiotherapy [1] [2] [3] [4] . However, our data would concur with a recent report in breast cancers that showed a poor survival in patients with low ATM who received adjuvant/ neoadjuvant chemotherapy [31] . Similarly, Knappskog et al., also showed that low ATM predicts resistance to anthracycline chemotherapy in breast cancer [32] . To investigate whether low ATM expression is due to low mRNA expression, we investigated the METABRIC cohort and again demonstrated that low ATM mRNA expression was associated with adverse clinical outcome in patients.
Whether ATM gene copy number changes, mutational changes, or posttranscriptional miRNA-mediated regulation of ATM mRNA expression contributes to the low ATM seen in our study is not known. Interestingly, Bueno et al., demonstrated that ATM copy number loss (seen in 12% of breast tumors) and miR-421 overexpression (seen in 36.5% of breast tumors) were associated with ATM loss, thereby providing some mechanistic evidence for ATM regulation [31] . In contrast, Guo et al., who investigated 296 breast tumors in Chinese patients [33] observed high ATM levels in ER − tumors. However, the authors did not describe any association between ATM level and BCSS in that study. However, two previous studies in white patients demonstrate that low ATM level may be associated with aggressive phenotype and poor survival [31, 34] . Tommiska et al., investigated in observed that low ATM was common in BRCA1/BRCA2 deficient tumors as well as ER-tumors [34] . In a further study in white patients by Bueno et al., low ATM in white tumors was shown to be associated with poor prognosis [31] .
Similarly, in the current study, in white patients with breast tumors, we observed that low ATM protein level was associated with aggressive clinicopathological features and poor survival in ER − tumors. Taken together, the data suggest that, in white patients, low ATM appears to be a poor prognostic biomarker. The data presented in white tumors is in contrast to Guo et al. [33] , and may be accounted by either racial differences in tumor biology or different immunohistochemical protocols used across different studies. Preclinically, Guo et al., showed that ER activates miR-18a and miR-106a, which in turn downregulate ATM in cancer cell lines as well as in ER − tumors [33] . In contrast, Bueno et al., observed that miR-421 was overexpressed and correlated to low ATM levels [31] . Together, the data suggest that the regulation of ATM expression by miRNAs may be complex in vivo. Further mechanistic studies are required to clarify the role of miRNA in the regulation of ATM expression. Moreover, the data presented would also concur with studies in colorectal cancer [35] and chronic lymphocytic leukemia [36] where low ATM level has been shown to be a poor prognostic biomarker. Taken together, the data provide compelling evidence for the role of low ATM expression in promoting aggressive breast cancer. Whether such ATM-deficient tumors can be targeted by synthetic lethality approaches has been investigated recently.
In lymphoid tumors, PARP inhibition was synthetically lethal in ATM-deficient cells [37] . Similarly, in breast and gastric cancer cell line, models of synthetic lethality with PARP inhibition have been demonstrated [38, 39] . Using a similar approach, we have recently demonstrated that ATM-deficient cells are sensitive to inhibitors of APE1, a key player in base excision repair [40] . Given the recent clinical success of PARP inhibitors in BRCA1/2-deficient breast and ovarian cancers [41] , whether a similar clinical approach would be feasible in ATM-deficient breast cancer clearly needs investigation in prospective clinical trials. The role of Chk2 in sporadic breast cancer appears to be more complex than ATM. In the current study, low nuclear Chk2 protein level was associated with ER −/PR −/AR − tumors. Moreover, low nuclear Chk2 level was also associated with low levels of several DNA repair factors including BRCA1, XRCC1, and APE1, implying increased genomic instability in tumors that have low nuclear Chk2. In a previous small study of 100 breast cancers, low Chk2 was reported to be associated with advanced stage but not with survival [42] . Similarly, in another study of 611 breast cancers [43] , low Chk2 was reported in 21.1% of tumors and was associated with larger tumor size but again not associated with survival. In the current study, although we did not observe any correlation with stage, in ER + tumors that received no endocrine therapy, low Chk2 was associated with poor survival, suggesting that Chk2 may still have prognostic significance in ER + tumors. However, high Chk2 level was associated with poor survival in ER-negative tumors that received no chemotherapy in our study. Interestingly, p53 mutation status may influence the prognostic impact of Chk2; p53 mutants with high Chk2 have the worst survival, and p53 mutants with low Chk2 appear to have the best survival. Given that Chk2 is a key activator of p53 [44] and that combined inactivation of p53 and Chk2 has been reported in breast cancers [45] , detailed mechanistic preclinical investigations are required to understand the complex functional link between Chk2 and p53 in breast tumors. Although Chk2 appeared to have prognostic significance, Chk2 protein level was not associated with survival in patients who received chemotherapy or endocrine therapy, suggesting that Chk2 is unlikely to be a predictive factor in breast cancers. To complicate the matter further, we observed the reverse at the mRNA level in breast tumors. Low Chk2 mRNA was associated with poor survival in ER-negative tumors that received chemotherapy, but high Chk2 mRNA was associated with poor survival in ER + tumors that received endocrine therapy. These new unexplained observations suggest that further studies are required to clarify the role of Chk2 in sporadic breast cancers. When ATM and Chk2 were investigated together, we found that tumors with low ATM/high Chk2 had the worst survival compared to those with high ATM/high Chk2 levels. However, limitations to our study are that it was retrospective and did not investigate the functional status of ATM-Chk2 pathway as assessed, for example, by expression of phosphorylated Chk2 and other ATM substrates.
In conclusion, we provide evidence that ATM-Chk2 pathway is a promising biomarker in breast cancer. 
